Strains of Pseudomonas stutzeri (CINNS) and Pseudomonas putida (CINNP and CINNW) isolated from soil with cinnamic acid as the sole carbon source were found to be simultaneously adapted to grow on phenylpropionic and p-hydroxybenzoic acids. In cinnamic acid-grown cultures, phenylpropionic acid was isolated. A catabolic plasmid of =75 kilobase pairs encoding the metabolism of cinnamic acid was found in strains CINNP and CINNS.
Bacterial catabolism of phenylpropanoid compounds (pcoumaric, ferulic, ,-phenylpropionic, and cinnamic acids) derived from the degradation of lignin and other aromatic constituents of plants (9) is an important element in the carbon cycle by which both natural aromatics and many industrial pollutants are degraded. In particular, degradation of cinnamic and phenylpropionic acids has been reported for several bacteria (2, 4, 7) , including Pseudomonas species. It CINNS and P. putida CINNP were maintained on mineral salts medium DR (8) supplied with 5 mM cinnamic acid.
Incubation was at 30°C.
Analysis of catabolic products. To detect the products of catabolism of cinnamic acid, the organisms were inoculated into 1,200 ml each of the liquid mineral medium DR containing 5 mM cinnamic acid and incubated at 30°C with shaking. Intermediates of catabolism were assayed after 8, 15, and 24 is noteworthy that in many Pseudomonas strains the ability to degrade aromatic hydrocarbons is usually mediated by large plasmids carrying both the structural and regulatory genes for a sequence of reactions by which the hydrocarbons are converted into metabolites which enter the chromosomally determined metabolism. In this paper we describe three Pseudomonas strains previously isolated for their ability to utilize cinnamic acid as a growth substrate and provide evidence that in two of them the catabolism of this compound is plasmid encoded.
MATERIALS AND METHODS
Microorganisms and growth conditions. The bacterial strains used are listed in Table 1 . Pseudomonas putida PaW85 (1) and PaWl (12) were kindly supplied by P. A. Williams, University College of North Wales, Bangor, United Kingdom. Pseudomonas stutzeri CINNS-1 and P. putida CINNP-1 and PaW85 were maintained on nutrient agar (NA) (Difco Laboratories, Detroit, Mich.); P. stutzeri * Corresponding author. h of incubation. The cells were centrifuged down, and the supernatants, adjusted to pH 7, were extracted three times with ethyl acetate. The residual waters were acidified to pH 2 with a 20% HCl solution and extracted three times with ethyl acetate. The organic extracts were dried over anhydrous Na2SO4, and the solvents were evaporated. After diazomethane treatment, the crude extracts at pH 2 were analyzed by gas-liquid chromatography-mass spectrometry with a Varian Mat 112 equipped with a 1. accordance with the instructions of the suppliers (Bethesda Research Laboratories, Inc., Gaithersburg, Md.). Gel electrophoresis of the plasmid DNA preparations was performed on horizontal slab gels (0.6% agarose) for 180 min at 90 V. Samples (40 ,ul) of the fractions revealing the purest plasmid DNA were used immediately for restriction endonuclease digestions and run on the gel for 24 h at 60 V and 40 mA. The DNA was viewed by placing the gel on a transilluminator and was photographed with a Polaroid MP4 camera on type 55 film. Curing experiments. Curing experiments were performed as described by Williams and Worsey (12) . Single colonies from stock NA plates were inoculated into culture tubes containing 5 ml of nutrient broth (NB; Difco Laboratories).
After overnight growth at 30°C, 0.05 ml of a 10-3 dilution of the culture was added to 5 ml of either NB or 5 mM benzoate mineral medium and was incubated at 30°C until the culture was fully grown (overnight in NB; 1 to 2 days in benzoate medium). Appropriate dilutions were made and spread on NA plates. Single colonies were picked up and subcultured onto cinnamic acid plates.
Conjugation experiments. Donor and recipient cells were grown overnight at 30°C in NB to a cell density of 1 x 108 to 7 x 108 cells per ml. About 3 h before the experiments, 0.5 ml of the donor culture was pipetted into 10 ml of fresh NB and grown at 30°C. To initiate conjugation, samples containing 1 ml each of donor and recipient cells were filtered through a membrane filter (diameter, 10 mm; HAWPOI300; (Table 2) show that the wild-type strains P. putida CINNP and CINNW and P. stutzeri CINNS grew well on cinnamic, phenylpropionic, and phydroxybenzoic acids. CINNS showed a greater metabolic versatility, also growing on m-and p-hydroxycinnamic acids and m-hydroxybenzoic acid. The growth of CINNS on m-hydroxycinnamic acid was accompanied by the appearance in the culture of a yellow color with absorbance at 450 nm at pH 11 that shifted to 335 nm on acidification, suggesting the intermediary formation of a hydroxymuconic semialdehyde-related compound.
Repeated cultivation of P. stutzeri CINNS on benzoate and P. putida CINNP on NB led to the production of AB spontaneous putative cured strains (CINNS-1 and CINNP-1) at a frequency of 2%, which had lost the ability to grow on cinnamic acid. CINNP-1 was unable to utilize any compound listed in Table 2 . CINNS-1 acquired the ability to grow on 3,4-dihydroxycinnamic and p-hydroxyphenylpropionic acids but lost the ability to utilize cinnamic, m-hydroxycinnamic, phenylpropionic, and m-hydroxybenzoic acids. P. putida PaW85(pCINNS) selected from conjugation experiments performed with CINNS as the donor and PaW85 as the recipient was able to utilize cinnamic and phenylpropionic acids ( Table 2) .
Respiratory activities. High rates of oxygen uptake were measured in the presence of cinnamic and phenylpropionic acids for washed cells of the wild-type Pseudomonas strains grown on cinnamic acid; p-hydroxybenzoic acid, protocatechuic acid, and catechol were utilized only after a lag period. 3,4-Dihydroxyphenylpropionic, p-hydroxyphenylpropionic, and p-hydroxycinnamic acids were not oxidized (Fig. lA, B , and C). m-Hydroxycinnamic acid was utilized only by washed cells of strain CINNS grown on cinnamic acid (Fig. lA) , with the appearance in the reaction mixture of a yellow color within 20 min with the same absorption characteristics (450 nm at pH 11 and 335 nm at pH 2) as those observed in the cultures of CINNS on m-hydroxycinnamic acid. The Pseudomonas cells grown on phenylpropionic acid were simultaneously adapted to oxidize cinnamic acid. Washed cells of strain PaW85(pCINNS) grown on cinnamic acid showed immediate 02 uptake in the presence of cinnamic and phenylpropionic acids; p-hydroxybenzoic acid, protocatechuic acid, and catechol were utilized only after a lag period (Fig. 2B) , results similar to those observed for strain CINNS. Metabolism of cinnamic acid by wild-type strains. Growing cultures of the Pseudomonas strains fed with cinnamic acid were checked spectrophotometrically at different incubation times; a decrease was observed in the absorption band of cinnamic acid (.max, 268 nm), and the band completely disappeared after prolonged incubation, without the appearance of any new band. Analysis of the catabolic products was performed as described in Materials and Methods by sampling the cinnamic acid cultures after 8, 15, and 24 h of incubation. An aromatic catabolic intermediate was identified by gas chromatographic-mass spectral analysis (reten- tion time = 0.74 min; molecular-ion peak at m/e = 164). The mass spectrum and retention time were identical in all respects to those of an authentic phenylpropionic acid specimen.
Isolation, size estimate, and conjugation transfer of plasmid DNA. The presence of plasmid DNA was demonstrated in P. stutzeri CINNS and P. putida CINNP (Fig. 3) by agarose gel electrophoresis of DNA isolated by the method of Wheatcroft and Williams (10) . The molecular size of the isolated plasmids was determined by analysis of their digestion patterns after treatment with Hindlll and EcoRI restriction endonucleases. The fragments were sized on the basis of their electrophoretic mobility compared with that of TOL plasmid pWWO digestion fragments of known size (4); a total size of 75 kilobase pairs was estimated for both plasmids, which showed similar fragmentation patterns (Fig. 4) . No plasmid was evidenced in P. putida CINNW. The cured strains CINNS-1 and CINNP-1, selected after growth on benzoate or NB, respectively, had lost the plasmid and also the ability to grow on cinnamic acid (Table 2) . Conjugation experiments performed with strain CINNS as the donor and strain PaW85 (plasmid free, Strr) as the recipient allowed selection of exconjugants PaW85(pCINNS) at a frequency of 10-3 per donor cell. These derivatives contained a plasmid which was shown by restriction pattern analysis to be identical to pCINNS isolated from P. stutzeri (Fig. 4) . In contrast, we failed to transfer the plasmid by conjugation from strain CINNP into different recipient Pseudomonas strains.
DISCUSSION
In this paper we describe Pseudomonas strains able to grow on cinnamic acid as the only carbon and energy source. The isolation and identification of phenylpropionic acid in the cultural broth of P. stutzeri CINNS, P. putida CINNP, and P. putida CINNW grown on cinnamic acid could mean that the reduction of the double bond of the side chain occurs during the utilization of cinnamic acid. The reduction of the cinnamic acid side chain has also been observed in other soil Pseudomonas species (3) and in Lactobacillus pastorianus subsp. quinicus (11) . The ability of the cells grown on phenylpropionic acid to oxidize cinnamic acid immediately with a significant rate of oxygen uptake suggests that phenylpropionic acid plays a part in the degradation of cinnamic acid. Based on the growth and oxygen uptake results, it can be hypothesized that the cinnamic acid catabolic pathway also involves the formation of m-hydroxycinnamic acid, which is further oxidized through a meta pathway, as suggested by the appearance of a yellow color absorbing at 450 nm at pH 11 and shifting to 335 nm at pH 2 due to the probable ring fission product of 2,3-dihydroxycinnamic acid, which had been produced by the hydroxylation of mhydroxycinnamic acid. A similar pattern was described by Dagley et al. (4) for an Achromobacter strain which grew on 3-phenylpropionic acid. This suggests that cinnamic acid may be metabolized with the formation of either phenylpropionic acid or 2,3-dihydroxycinnamic acid. Both P. stutzeri CINNS and P. putida CINNP harbor a plasmid mediating cinnamic acid degradation, as shown by the failure of the cured strains to utilize this compound. The cured strain CINNS-1 acquired the ability to grow on 3,4-dihydroxycinnamic and p-hydroxyphenylpropionic acids, an ability which is not normally expressed in wild-type cells; it is probable that the presence of the plasmid pCINNS prevents the expression of enzymes required for the degradation of 3,4-dihydroxycinnamic acid and p-hydroxyphenylpropionic acid. A similar regulatory effect of a plasmid on the expression of chromosomally-encoded p-cresoldegrading enzymes has been described for a strain of Alcaligenes eutrophus (6) . Further evidence that the metabolism of cinnamic acid is plasmid mediated was provided by the selection of exconjugants PaW85(pCINNS) able to grow on cinnamic acid and phenylpropionic acid.
It is interesting that no Pseudomonas strains were described previously which carry a catabolic plasmid involved in the degradation of cinnamic acid. Our findings have increased our interest in the ecology of soil pseudomonads with regard to their involvement in the degradation of aromatic lignin-related compounds. Studies designed to throw further light on this catabolic pathway at both the biochemical and genetic levels are under way.
